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Direct detection of light dark matter (DM), below the GeV scale, through electron recoil can
be efficient if DM has a velocity well above the virial value of v ∼ 10−3. We point out that if
there is a long range attractive force sourced by bulk ordinary matter, i.e. baryons or electrons,
DM can be accelerated towards the Earth and reach velocities v ∼ 0.1 near the Earth surface. In
this “attractive scenario,” all DM will be boosted to high velocities by the time it reaches direct
detection apparatuses in laboratories. We elucidate the implications of this scenario for electron
recoil direct detection experiments and find parameters that could lead to potential signals, while
being consistent with stellar cooling and other bounds. Our scenario can potentially explain the
recent excess in electron recoil signals reported by the XENON1T experiment in the ∼ keV energy
regime.
INTRODUCTION
A variety of astronomical and cosmological observa-
tions have established that the Universe contains a sub-
stance of little, if any, interaction with ordinary mat-
ter made of atoms. This substance, dark matter (DM),
comprises about 25% of the cosmic energy budget, which
translates to about 85% of all matter in the Universe [1].
Not much is known about non-gravitational properties
of DM, due to its elusive nature. Given the diversity of
particles and forces that constitute the “visible” sector
encoded in the Standard Model (SM) of particle physics,
it is reasonable to consider whether DM resides within a
“dark sector” that comprises a number of new states and
forces that only feebly interact with the SM.
There has been a significant experimental effort over
the last few decades to detect DM in the laboratory. This
effort has been matched by intense theoretical research
directed at DM phenomenology. The questions surround-
ing the physics underlying electroweak symmetry break-
ing in the SM and its extensions led to an early focus to
look for DM around the weak scale ∼ 100 GeV. The lack
of evidence for new physics near that scale, from high en-
ergy and precision experiments, together with null signals
for weak scale DM in a variety of searches, has provided
motivation to expand the experimental and theoretical
efforts to lower masses, where new challenges arise. In
the realm of direct detection, going to lower DM masses
means smaller available energies in collisions of DM par-
ticles with detector target material, which requires lower
detection energy thresholds and controlling backgrounds
that could overwhelm the signal.
Searches designed for weak scale DM are mostly fo-
cused on looking for nuclear recoil signals. However, di-
rect detection of light DM, below the GeV scale, moti-
vates looking for electron recoil signals. To see this, let
us consider some rough estimates. The typical virial ve-
locity of DM near the solar system is v ∼ 10−3. For
heavy DM masses, mDM ∼ 100 GeV, this corresponds
to a nucleus of mass mN ∼ 10 GeV recoiling with mo-
mentum of order q ∼ mN v ∼ 10−2 GeV and energy
ER ∼ q2/(2mN ) ∼ 10 keV. Now, if we consider sub-
GeV DM masses, say mDM ∼ 0.1 GeV, we see that the
momentum transfer is q ∼ mDM v ∼ 100 keV and the
nucleus would recoil with energy ER ∼ eV, which is well
below the & keV threshold of such experiments.
The above situation can be improved if one looks for
electron recoil signals. To see this, note that electrons in
atoms are delocalized over length scales of order Bohr
radius a0 ∼ (αme)−1, where α ≈ 1/137 is the fine
structure constant and me ≈ 511 keV is the electron
mass. Thus, the typical momentum of the electrons in
the atom is q0 ∼ 1/a0 and the electron velocity is hence
ve ∼ α, which is much larger than the virial velocity of
DM. Nonetheless, the recoil energy of the electron will
be ER ∼ q20/(2me) ∼ 10 eV. Hence, detection of a sig-
nal in electron recoil in an experiment with & keV en-
ergy threshold requires velocities near v ∼ 0.1, which
is well above the escape velocity from the Milky Way,
vesc ∼ few × 10−3, severely suppressing the expected
abundance of any such DM particles in the halo pop-
ulation.
Given the above situation, to look for typical DM in
the sub-GeV regime, one needs to devise experimental
techniques with detection thresholds  keV [2–6] (for
novel ideas see [7–10]). Alternatively, one could investi-
gate new DM models that could be detected in the cur-
rent class of large scale experiments like XENON1T or
the planned next generation searches such as XENONnT
and LZ [11–13], with thresholds near the keV scale. In
fact, there have been some ideas put forth in recent years
where a fraction of the DM can have velocities  10−3,
due to originating from decays of a more massive DM
state [14–16] or else due to interactions with energetic
particle, such as cosmic rays [17]. In these schemes, typ-
ically only a small fraction of DM could be boosted to
higher velocities.
In what follows, we will propose a novel scenario, where
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2all DM reaches the Earth at velocities v ∼ 0.1 without
leading to severe depletion of the Galactic halo or requir-
ing interactions that are in conflict with laboratory or
astrophysical bounds. The basic idea is that there could
be a long range attractive force that acts on DM and ordi-
nary matter, but with unequal strengths [18]. This force
need not have a range - set by the inverse mass of the
boson that mediates it - that far exceeds the size of the
Earth. The matter in the Earth, baryons or electrons,
can then source a long distance potential that acceler-
ates DM particles towards the Earth once they get close
to it. We will show that for appropriate choices of pa-
rameters, one could attain velocities v ∼ 0.1 for all DM
particles that reach the surface of the Earth, which to
a very good approximation characterizes the location of
typical DM experiments. We will also introduce a short
range interaction that mediates DM-electron scattering;
as an example we will choose a light vector boson that
kinetically mixes with the photon, i.e. the dark photon
[19].
As will be discussed in the following, our scenario opens
up a new possibility for detection of light DM at existing
and planned experiments that use electron recoil with
thresholds of ∼ keV. Interestingly, XENON1T has ob-
served an excess in electron recoil events that is signifi-
cant at ∼ 3.3 σ [20]. After presenting the central idea of
our work, we will discuss the possibility of explaining this
potential signal of DM in our scenario, while maintain-
ing agreement with stringent bounds from stellar cooling
considerations.
For a recent work that takes advantage of a long
range interaction to avoid stellar bounds in explaining
the XENON1T excess, but in a different model and con-
text, see Ref. [21]. The utility of a high velocity DM
population for explaining the excess was emphasized in
Ref. [22] early on; see also Ref. [23]. For some recent
works that have also considered a light vector boson as
a mediator for the reported XENON1T excess, see for
example Refs. [24–31].
Next, we will introduce the long range force described
above. We will then introduce an example of a short
range interaction that will be necessary for detectable
scatterings of DM on electrons.
LONG RANGE INTERACTIONS
We propose a long range interaction between ordinary
matter (baryons or electrons) and DM, as was suggested
in Ref. [18]. Depending on its type, such an interaction
can lead to an attractive force between DM and atoms.
For concreteness, let us assume that the force carrier is
an ultralight boson φ of mass mφ ∼ 10−14 eV which is
compatible with superradiance limits of ultralight bosons
[32]. This gives φ a range ∼ 3R⊕, where R⊕ ≈ 6.4 ×
103 km is the radius of the Earth. Assuming that, for
example, nucleons and DM particles χ couple to φ with
strengths gn and gχ, respectively, the entire Earth sources
a potential for φ of the form
V (r) ≈ −gngχN⊕
4pir
, (1)
at a distance r from the center of the Earth, where N⊕ ∼
1051 is the number of nucleons in the Earth. Here, we
have assumed that r . m−1φ , so that the interaction is
not Yukawa suppressed. If gngχ > 0, then the above
potential leads to an attractive force.
Searches for new long range forces lead to a very strin-
gent constraint gn . 10−24 [33]. However, on length
scales of order R⊕, there are no severe constraints on
interactions of φ with DM and one could have [18]
gχ . 10−4
( mχ
100 MeV
)3/4
. (2)
We then have
V (R⊕) ∼ −0.1 MeV
( gn
10−24
)( gχ
10−7
)
. (3)
The above provides EKE = −V (R⊕) of kinetic energy
for every particle coming from infinity, with the usual
v ∼ 10−3 virial velocity, after falling down the potential
well approaching the surface of the Earth. The velocity
at r = R⊕ is then given by
v(R⊕) ∼
√
−V (R⊕)
2mχ
. (4)
So, for mχ = 10 MeV and reference values in Eq. (3), we
find v ∼ 0.07.
SHORT RANGE INTERACTIONS
The potential that accelerates DM, introduced in the
previous section, does not mediate electron scattering
processes that can be observed in DM direct detection
experiments. Hence, we need to introduce another inter-
action, of much shorter range, to have detectable signals.
As an example for such an interaction we will focus on
the case of a light dark photon mediator AD, with mass
mD, which mixes kinetically with the photon, described
by the Lagrangian
L ⊃ 
2
FµνFDµν − m
2
D
2
ADµA
µ
D + i eDADµχγ
µχ , (5)
where F(D)µν is the field strength tensor for the (dark)
photon and eD =
√
4piαD is the dark photon coupling.
In our scenario, due to the high velocity of DM reach-
ing the detector, we can use the “free electron” approx-
imation. In this case, for the energies and momentum
transfers of interest we can ignore the atomic binding
3energies, as long as we only consider the outer shell elec-
trons. For the case of Xenon atoms, used as target mate-
rial in the current and planned large scale DM detectors,
this corresponds to electrons in the n = 4 and 5 levels, for
a total effective charge of Zeff = 26. In an approxima-
tion where the electrons are treated as free and initially at
rest, we find the differential cross section for DM electron
scattering (for some relevant formalism, see for example
Ref. [34])
d(σe v)
dER
=
8pime ααD
2 Zeff
v (2meER +m2D)
2
Θ(2µ2χev
2/me−ER) , (6)
where the electron recoil energy is given by ER =
|~q|2/(2me), with the magnitude of the three-momentum
transfer denoted by |~q|. The step function provides the
kinematic limit where we have assumed mχ  me as may
be required by BBN and the CMB [35].
We can get the total cross section by integrating
Eq. (6). In order to regulate the infrared behavior of the
cross section, we will introduce a threshold energy Eth,
below which events are not registered by the experiment.
We then find,
(σe v) =
16pi ααD
2Zeff (µ
2
χev
2 −meEth/2)
v (2meEth +m2D)(4µ
2
χev
2 +m2D)
, (7)
where µeχ is the reduced mass of the electron-DM system,
1/µχe ≡ 1/me+1/mχ. In the above, the maximum recoil
energy is given by EmaxR = 2(µ
2
χe/me)v
2. Since we focus
onmχ  me, we have µχe ≈ me to a good approximation
in what follows.
Using Eq. (7), we can write down the expected rate
per detector mass and year,
dR
dtdM
= nT nχ(σev) , (8)
where nT = 6.02 × 1023 g−1/A is the number of target
atoms per gram, with A the target atomic mass, and
nχ = ρχ/mχ is the number density of DM particles; the
DM energy density ρχ ≈ 0.3 GeV cm−3 [36].
In the above, due to the nearly uniform boost of all
DM to v ∼ 0.1 at the detector, we may approximate
the velocity DM velocity distribution by a delta function
f(v) ≈ δ[v − v(R⊕)], near the surface of the Earth.
In fig. 1 we show the values of the dark photon mass
and its kinetic mixing which lead to 100 events per tonne
year at XENON1T, with A = 131 [20], assuming Eth =
1 keV, αD = 0.1 and v = 0.1 for mχ = 10 MeV and
mχ = 1 GeV. For light dark photons with mD . 10 keV
the cross section is independent of the dark photon mass
whereas for large dark photon masses the signal rates
depends on m−4D . These results need to be compared to
constraints on the mass of a dark photon and its kinetic
mixing taken from [37]. We will restrict ourselves to the
region between 1 eV < mD < 1 MeV where the decay
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FIG. 1. Constraints on dark photon mass vs. kinetic mixing.
The constraints are adapted from Ref. [37]. Overlaid in this
plot are the curves which lead to 100 events/tonne year of
XENON1T assuming αD = 0.1, Eth = 1 keV, v = 0.1 for a
DM mass of 10 MeV (purple) and 1 GeV (cyan). The black
star represents the values which can explain the XENON1T
excess.
TABLE I. The fiducial parameters of the model. The first
three parameters are related to the long range interaction
while the last three are related to the short range χ− e scat-
tering interaction.
mφ gn gχ αD mD  mχ
10−14 eV 10−24 10−7 0.1 0.1 MeV 10−13 10 MeV
of the dark photon into SM fermions is not kinematically
allowed. In the region between mD > 1 eV up to 0.1 MeV
strong constraints on the kinetic mixing come from stellar
cooling of the Sun, of stars in the horizontal branch (HB),
and for red giants (RG). Between mD ≈ 0.1 to 1 MeV
constraints on the kinetic mixing come from the diffuse
photon background (cosmology). AroundmD ≈ 0.1 MeV
where stellar cooling measurements lose sensitivity but
cosmological constraints have not yet reached their full
constraining power we find a sweet spot which allows for
up to  ∼ 10−12. Similarly dark photon masses below 1
eV are not strongly constrained such that we find large
signal rates for mD < 1 eV and  < 10
−11.
To summarize, the fiducial parameters of the model
are shown in table I.
DISCUSSION
We note that XENON1T has recently reported a slight
excess of electron recoils in the few keV range [20]. While
backgrounds such as tritium could possibly explain the
excess, these explanations appear to be disfavored, yet
more investigation may be necessary for a firm conclu-
sion.
We performed a fit of the parameters to the data as
shown in fig. 2. To do so, we computed the differential
cross section from Eq. (6), multiplied it by nTnχ, de-
fined following Eq. (8), and applied the efficiency ξ given
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FIG. 2. The XENON1T data in red and their best fit back-
ground model in blue. Green is our best fit signal curve and
the orange curve is the background plus the signal times the
XENON1T efficiency. The best fit point is at αD
2/mχ =
1.2 × 10−28 MeV−1, mD = 0.081 MeV, and v = 0.085 at
which point we find ∆χ2 = 9.8 compared to the background
only.
in Ref. [20]. For a test statistic we computed a simple
χ2 function considering only the error bars in the data
points. We then marginalized this function over the DM
velocity v, the dark photon mass mD, and the normal-
ization parameters αD
2/mχ assuming that we are in the
non-relativistic limit and that mχ  me, but while main-
taining the full dark photon propagator. We find that our
model is preferred over the background only hypothesis
with ∆χ2 = 9.8.
We can see that a key feature of the model is not only
a suppression of events at low energy due to the dark
photon mass, but also at high energy due to the sharp
velocity distribution. Unlike many other explanations of
the XENON1T data, we anticipate that the spectrum
would fall off fairly sharply at higher recoil energies. Our
best fit parameters are αD
2/mχ = 1.2× 10−28 MeV−1,
mD = 0.081 MeV, and v = 0.085 which has a test statis-
tic χ2 = 36.6 compared with the background only hy-
pothesis which is χ2 = 46.4.
To further understand the dependence of the parame-
ters on the data, we show two interesting χ2 projections
for the XENON1T data. In fig. 3 we show the velocity
projection where the other parameters are marginalized
over. We see that v ∼ 0.1 is preferred. For smaller veloc-
ities the DM doesn’t have enough kinetic energy to have
an effect above XENON1T’s threshold. At high velocities
an improved fit is found, but it slightly overestimates the
signal at larger recoil energies. In practice the velocity
distribution is not truly a delta function as we have mod-
eled it here and some of DM would have higher velocities
which would make the suppression at higher recoil ener-
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FIG. 3. The preferred region of velocity after marginalizing
over the normalization style parameters such as mχ, αD, and
 as well as mD. The sharp nature of the plot is due to the
binning of the data.
gies a bit softer. Nonetheless we anticipate that this is a
small effect.
Next we investigate the parameters of the short range
interaction in fig. 4. We see that the best fit point is for
mD ∼ 0.1 MeV and αD2/mχ ∼ 10−28 MeV−1 which
is for example satisfied for αD = 0.1,  = 10
−13, and
mχ = 10 MeV which is also consistent with other bounds
shown in fig. 1. The innermost region is maximally pre-
ferred at ∆χ2 > 9, the region to the top left is signifi-
cantly disfavored as it over-predicts the signal, while the
region to the bottom right is generally consistent with
background only hypothesis as it predicts no additional
events. The best fit region continues up to larger nor-
malizations, although these become ruled out from other
constraints as one must either dial up the couplings (αD
or ) or reduce the DM mass mχ which eventually runs
into early universe constraints (and, when it gets closer to
me, some of our approximations no longer remain valid).
Beyond the current large-exposure low-threshold ex-
periments, this model can be, in principle, tested in other
ways. The attractive nature of the potential in our sce-
nario would provide a nearly radial flux, both up-going
and down-going, for DM close to the Earth surface, a
sort of “dark matter rain,” which would lead to signifi-
cant anisotropy of the signal. This hypothesis could be
tested in experiments that have directional sensitivity.
The long range interaction component of this model
provides another unique, although difficult to test, pre-
diction. Confirming a direct detection signal of DM
would require multiple independent detections of the sig-
nal. Due to the velocity gain as DM falls into the Earth,
this model predicts that the detection rate will be alti-
tude dependent. That is, we expect a very slightly higher
510−2 10−1 100
mD [MeV]
10−29
10−28
10−27
10−26
α
D
²2
/m
χ
[M
eV
]−
1
XENON1T
v Marginalized
0
1
2
3
4
5
6
7
8
9
∆
χ
2
FIG. 4. The parameters that are preferred by the XENON1T
data; the center is preferred by the data, the bottom right
returns to the SM, and the top left produces too big of a
signature and is strongly ruled out. We compute the χ2 test
statistic between the data and the background plus the signal
rate times the efficiency function. This is compared to the χ2
between the data and the background alone.
rate at detectors in underground mines such as LZ at
SURF which is 1.5 km below the surface than those at
the surface such as XENON1T at Gran Sasso.
CONCLUSIONS
We have presented a unique model of dark matter
(DM) wherein the Earth provides an attractive force on
it due to an ultralight mediator. While this does not sig-
nificantly modify the evolution of DM in the galaxy, this
potential does provide a large effect on the velocity dis-
tribution near the Earth, in particular by considerably
adding to the velocity of 100% of the DM and yielding
a nearly radial flux. Thus, instead of v ∼ 10−3, all of
the DM could have much higher velocities which con-
siderably changes the phenomenology of low target mass
recoil experiments such as electron recoils. In addition,
the resultant velocity distribution is highly peaked. To
this end we have included a dark photon sector to our
model to provide a testable interaction between DM and
electrons. This model is consistent with known astro-
physical, cosmological, and laboratory experiments.
Our scenario is also testable at low-threshold large-
volume DM direct detection experiments such as
XENON1T. In light of the fact that XENON1T has re-
cently seen a tantalizing excess of events at low recoils,
we investigated the compatibility of this model with those
data. We found a good fit to the data for model param-
eters that are consistent with other bounds. In addition,
this model makes several distinguishing predictions. Al-
though some would be extremely difficult to test without
some rather extreme experiments – such as a XENON1T
like experiment in space or on the moon – others are much
more down to Earth. In particular, the scenario entails a
nearly radial flux of high velocity DM at Earth surface,
giving rise to “dark matter rain,” which could be tested
in experiments with directional sensitivity. Also, with
future XENON1T data, one can test if the excess has a
shape compatible with our prediction shown in fig. 2, in
particular a suppression at both lower and higher recoil
energies, a feature that is not common in many other
models.
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